In this paper we evaluate the feasibility of short range outdoor mm-wave MIMO links in the 70 GHz portion of the E-band (71-76 GHz). We use phased arrays in order to strongly reduce the impact of the multipath components, thus making the channel mainly line-of-sight (LOS). We design the array using a simple patch as a single element and simulate the performances for a 200 m link and a MIMO system with equal element spacing at the transmitter and the receiver. Each node of the MIMO system consists of a uniform rectangular array (URA) where the single element is a patch antenna, in order to achieve higher gains and narrow beams. Such configuration is much more compact compared to the antennas currently employed for the same bandwidth. We optimize the interelement distances at the transmitter and the receiver and evaluate the capacity achievable with different array sizes. The results show that, for the proposed link budget, capacity up to 29 bit/s/Hz is achievable at a range of 200 m, with practical dimensions. We also show that the beamforming capabilities make the design much more flexible than the single reflector antenna systems. In the last part of the paper, we verify that our antenna can also operate in rainy conditions and longer ranges.
Introduction
Research on mm-wave communications has been significantly increased during the last years. Even though mmwave extends from 30 to 300 GHz, there are three bands to which we usually refer, which are the V-band (57-66 GHz), the E-band (71-76 GHz and 81-86 GHz), and the W-band (92-95 GHz). The main difference between mm-wave communications compared to lower frequency bands is that they experience a much higher attenuation. This is due to the increased free space propagation loss and the atmospheric absorption. However, while the E-band and the W-band exhibit a reasonable atmospheric absorption, the V-band suffers significant attenuation due to the oxygen absorption [1] . Due to that, the V-band is primarily investigated for indoor communications, while most of the commercially available transceivers intended for outdoor applications are designed in the E-band. Several studies have demonstrated that communications at those bands are mainly LOS [2] . Some possible applications include 4 G/LTE backhaul, disaster recovery, remote storage access, and fiber extension. The commonly used antenna elements are parabolic reflectors, with very high antenna gains, up to 50 dBi. The antenna diameters are in the order of 30-60 cm with very narrow beams, down to less than 1 ∘ half power beamwidth (HPBW) [3] . The dimensions vary depending on the range and the link budget. Such antennas are very sensitive to positioning, and installing them is not trivial. In addition, the link is fixed and limited to one transmitter and one receiver. One of the main reasons for the increased research in the mm-wave bands is the demand for higher capacity. An attractive method to improve the system capacity is the use of MIMO [4] taking advantage of multiplexing gain as multiple information streams are sent from different transmit antennas towards different receive antennas at the same frequency. In order to get spatial multiplexing at lower frequencies, rich multipath is needed. The main advantage of using MIMO at mm-wave bands is that by having a proper inter-element spacing in both transmitting and receiving antennas, multiple independent streams, and thus high capacity, can be obtained, even in LOS [5] . Different LOS MIMO systems have been proposed and tested indoor [6] and outdoor [7, 8] . Another unique characteristic of mmwave band communications is that highly directional beams can be obtained using relatively small antennas. In this paper, we propose a feasibility study of a LOS MIMO radio link aided by high gain antennas implemented using URA. In our design, the transmit and receive antennas consist of multiple uniform rectangular array (URA) [9] with proper spacing to achieve LOS MIMO. The URA provide additional gain through narrow beams. The single antenna element in the URA is a patch. Such antennas are small at those frequencies and cheaper compared to the reflector antennas. In addition, due to the planar shape of the antennas, their placement could be easier. Such combinations of advanced MIMO schemes and practical designs have not been presented by other authors for outdoor scenarios, to our knowledge. Millimeter wave antenna systems have been recently tested indoor [10] and outdoor [11] . We show the possibility of using patch antenna arrays for short range outdoor MIMO links, which provide gain comparable to the commonly used parabolic reflectors, guaranteeing enough received power. In addition, we limit the contribution of the multipath components by using a sufficient number of antenna elements. This reduces the array HPBW, thus obtaining characteristics comparable to a LOS channel. We will show later in this paper that such a configuration is much smaller than using reflector antennas. The antenna would be possible to produce with much lower cost and could be easily located due to the planar shape of such antennas. In addition to the benefits of using MIMO, the system we propose can take advantages of the use of beamforming. The beamforming capabilities of each URA could provide more flexible links, because each array could focus the beam towards receivers placed in different locations, avoiding the time consuming and costly positioning of very narrow beam antennas [12] . Such a system could be used for communications in enterprises, for disaster recovery or fast deployed fiber replacement. We focus our study on the 70 GHz portion of the E-band (71-76 GHz).
In the results section, we will first show the performances achievable for a range up to 200 m. The geometry of the proposed system is shown in Figure 1 . We design the array and simulate the mm-wave channel with ray tracing. We then show that high capacity could be obtained for a range longer than 200 m, if particular attention is taken during the array design, even during rainy conditions. The novelty of the proposed system lies in the combination of LOS MIMO communication together with the geometry adopted and shown in Figure 1 . This gives a flexible and practical alternative to more costly components. The rest of the paper is organized as follows. In Section 2 the capacity of MIMO systems is described. Section 3 will focus on the MIMO channel model and will introduce the optimal geometry for the system designed in the paper. In Section 4 the characteristics of our system are presented, while simulation results are shown in Section 5. Finally the paper is concluded in Section 6.
MIMO Capacity
A MIMO transmission system employs a number of transmit and receive antennas to transmit data over a channel. We denote the number of transmit antennas by and the number of receive antennas by . Assuming slowly varying and frequency flat fading channels, we can model the MIMO transmission as r = Hs + n [13] , where r is the × 1 received complex-valuated signal vector, s is the × 1 transmitted complex-valued signal vector, H is the × complex-valued channel matrix, and n is the × 1 complex-valued additive white Gaussian noise (AWGN) vector with variance 2 . We consider uncorrelated branch sources with equal power and assume that all receiver antennas experience the same averaged received power . The average received signal-tonoise ratio (SNR) at one receive antenna becomes = / 2 . For convenience we define the variables = min( , ) and = max( , ) for use in the rest of the paper. With our assumptions, the MIMO capacity can be written as [14] 
Here, is the th eigenvalue of W, which is defined as
where H is the Hermitian transpose of the H matrix. Equation (1) shows that a MIMO system can be viewed as consisting of parallel single-input-single-output (SISO) channels, where each channel has gain and an average SNR downscaled with the number of transmitters. Because of the characteristics of our system, as will be clear in the next sections, we consider only the LOS channel. Therefore the channel matrix H is calculated including only the LOS components. For details see [5] .
Channel Modeling
To emulate the mm-wave channel and perform the simulations, we used Wireless Insite [15] . We used the full 3D model which includes the effects of reflections, transmissions, and diffractions on the electric field and the shooting and bouncing ray (SBR) method [16, 17] . For mm-wave bands, it is common to model the outdoor channel considering only some reflected rays, typically first and second order reflections, because higher order reflected rays will be strongly attenuated, and their contribution will be negligible. It has been demonstrated that, even for a single reflection, the power of a multipath signal is significantly lower than the one of the LOS signal [18] . The distance from the antennas to any reflector has a crucial role in determining the number of rays. In the next section, it will be shown that, because of the range, frequency, and use of subarrays, the channel can be approached as LOS.
LOS Channel: Ray Tracing.
It has been demonstrated that, in order to optimize the MIMO capacity in a LOS scenario, the antennas must be properly spaced. This is because a proper positioning of the antennas leads to a high rank LOS channel matrix, corresponding to many nonzero eigenvalues . The optimal antenna separation with regard to Shannon capacity for a pure LOS channel for ULAs with arbitrary orientation was already found in [5] and is given as
In (5), represents the antenna spacing at the transmitter and the receiver, is the range, and is the wavelength. is the number of receivers. We consider the same distance in this paper. By using (4) in the system design, the optimal solution of (2) is achieved. This is verified when all eigenvalues are equal (i.e., 1 = 2 = ⋅ ⋅ ⋅ = = ) and is proven in [5] . In this paper we consider the central point of each URA in order to calculate the antenna distances. It has been demonstrated in [19] that for small variations of the antenna distances there is only a very small decrease in capacity.
System Description

Environment Geometry.
In this section we describe the geometry for our application, which can be seen in Figure 2 .
We study a short range outdoor scenario in which the transmitter and receiver are located on two building walls. We consider the case where the LOS path is always present. The range is varying up to 200 m. In Figure 2 we also show the first order reflecting paths between the transmitter and receiver which might be due to different obstacles such as buildings.
The vertical distance between the TX and any obstacle and the RX and any obstacle is indicated by and in Figure 2 .
As explained in Section 3, we consider only the LOS path. The reason for that is shown in Figure 3 , where we plot the first order reflection angles at different vertical distances for the reflecting surfaces. As we can see, the first reflection path angle ( ) is minimum 3 ∘ for an obstacle distance equal to 5 m for the range of 200 m. Higher order reflections will need even higher angles. The distance from the antennas to any reflector has a crucial role in determining the number of rays. In Figure 4 we plot the angles , which indicate how close an obstacle must be in order for the first reflecting path to be in the receiver antenna pattern. The area below each range line indicates the only LOS area for that specific range. What we can see is that only rays with small direct angles make a strong contribution to the total received power [20] . For our considered narrow beam systems, the reflectors will have to be quite close to the path since we also have short range due to high attenuation. The same considerations are valid for the ground reflection. We model the application scenario with a ray tracing software, Wireless Insite, which was described in the previous section. We will show that the effect of the multipath components can be severely limited by narrowing the antenna beamwidth using phased arrays.
In order to achieve the desired capacity, there are multiple elements at the transmitter and the receiver spaced according to (3). In Table 1 are shown the distances between the MIMO nodes in m for different range values at the frequency of 73 GHz as well as the array vertical size from the system shown in Figure 1. 
Link Budget.
We consider an example system operating in the 70 GHz portion of the E-band (71-76 GHz). The values are shown in Table 2 and can vary depending on the application considered. As the first stage we consider clear sky; therefore there is no rain attenuation. The atmospheric absorption at sea level is about 1 dB/Km [21] . We set the transmit power to 15 dBm, and the antenna gains are initially fixed to 30 dBi. The path loss is calculated for a range equal to 200 m according to [22] . The noise power in dBm at the input to a receiver is given by noise = 10 log ( syst ) + 10 log ( ) + RX , where is the Boltzmann's constant, syst is system temperature fixed to 17 ∘ , is the bandwidth set to 1.5 GHz, and RX is the receiver noise figure fixed to 5 dB.
Array Design.
As described before, we will simulate the performance achievable with a planar array antenna. The single element is a simple patch antenna, operating in the lower frequency of the E-band (71-76 GHz) designed at the frequency of 73 GHz that gives = 4 mm and simulated with CST Microwave Studio. The dimensions are on the order of 1 mm and shown on Figure 5 . We chose a substrate with high relative permittivity equal to 10.2 and thickness equal to 75 m. The patch gain is 6.8 dBi and the polarization is vertical. In order to achieve the desired beamwidth and gain, we simulated different array sizes. In Figure 5 we show the radiation pattern for the single element, as well as 16 × 16 and 32 × 32 arrays. The maximum element spacing for a chosen maximum scan angle to avoid grating lobes is given by [23] 
where is the wavelength and is the scan angle. We consider scan angles up to ±30 ∘ from broadside, which gives a maximum antenna spacing equal to 2/3 . We set it to be 0.6 in order to reduce the HPBW achievable with the typical 0.5 spacing. The array lengths are then, respectively, 36,9 mm and 76,3 mm. Such dimensions are quite small compared to the reflector antennas typically used outdoor in the E-band. In Figure 5 we also show the HPBW and side lobe level (SLL) for the 16 × 16 and 32 × 32 array. As we can see, the maximum gain is, respectively, 30.7 dBi and 37.9 dBi, while the HPBW is 5.2 ∘ and 2.4 ∘ for uniform excitation.
Results
In this section we show the simulation results. We simulate the achievable capacity for a 2 × 2 MIMO system. The capacity was simulated with MATLAB. Due to the constructive and destructive effect of the multipath components, the received power can vary significantly. By choosing narrow antenna beams we want to limit their contribution. In Figure 6 (a and b in Figure 2 ) for the 16 × 16 and 32 × 32 arrays. The wall material is concrete and we consider vertical polarization. In Figure 6 we also included the received power of a pencil beam pattern with the same gain and HPBW equal to 1 ∘ , which is comparable to the reflector antennas used at those frequencies, as well as an 8 × 8 element array. This shows that the more we increase the array size, the more the channel will result in LOS. As we can see, if the reflectors, which we assume to be walls in this case, are not closer than 5 m from the LOS path, we can consider the channel a pure LOS for the 32 × 32 element array case. For the pencil beam antenna, the channel is LOS even if obstacles are very close, as expected. Therefore for our capacity simulations we consider the 32 × 32 array as a MIMO node. As described before, we do not include the ground reflection in our model. The reason for this choice is clear from Figure 7 . We place both the transmitter and the receiver at different heights from 1 to 10 m, and we plot the difference between the LOS and the ground reflection component for different materials. As expected, the ground reflection impact is comparable to the first order reflection path; in fact for the 32 × 32 array the ground reflection is lower than 30 dB of the LOS path from a height of about 5 m.
One of the advantages of using antenna arrays compared to reflector antennas is that we can use them as phased arrays and point the beam in different directions. In Figure 8 we plot the received power by focusing the beam from broadside to +30
∘ in azimuth for the 32 × 32 array and R = 200 m. For the calculations we consider no reflectors close to the LOS path, therefore the impact of the multipath components is strongly limited. In Figure 8 the white rectangles represent different buildings from the top and therefore possible receiver locations. Beamforming can be used to point the beams towards receivers at different location electronically. The received power decreases because of the increased range and decreased gain compared to the broadside orientation.
As we can see, we can have quite high received power, which reduces by about 5.5 dB from broadside to 30 ∘ orientation. The HPBW is 2.4
∘ for the broadside direction and increases up to 2.8 ∘ , which means that the assumption of only LOS still remains valid if there are no close reflectors to the TX-RX path. Wider focusing angles are not considered because of the beam broadening and the much higher possibility of strong reflections.
Due to the small wavelength, a proper positioning of the antennas is very hard, and errors are always present. Even a small misalignment can cause the signal level to drop significantly. For our system this can be compensated with adaptive beamforming, while it will require frequent adjustment using single reflector antennas.
In Figure 9 , we plot the achievable capacity considering the distances between the arrays optimized for the range equal to 200 m. We use the ergodic capacity in order to keep the result general. Using other performance measures such as error rate would require us to choose a modulation and coding scheme, making the result more specific. The parameters used for the array geometry are calculated according to (3) , which has been demonstrated to optimize the MIMO capacity in LOS [5] . We also plot the achievable capacity optimized for each distance, which gives the maximum capacity achievable as upper bound. For all the capacity simulations, we divide the total transmit power of 15 dBm by the number of transmitters. As we can see, the capacity is strongly dependent on the MIMO node distances. In Figure 9 we also plot the achievable capacity for a smaller subarray distance compared to the optimal distance at the range of 200 m, which is 64 cm.
We consider, respectively, 50% and 75% of the optimal distance for the range of 200 m, which correspond, respectively, to 32 cm and 48 cm. As we can see, the result shows that the achievable capacity is lower compared to the optimized dimension, as expected. Still, it could be practical to have smaller arrays; therefore this should be taken into account.
We then wanted to check the possibility of having smaller size subarrays by increasing the number of the MIMO elements. As explained in Section 3, for optimized subarray distances, all the eigenvalues of (1) are equal to = max( , ); therefore the capacity as (1) can be expressed by
where is the average received SNR for receivers. If we fix , then the only parameters which can change SNR in the link budget are the antenna gains (we still consider equal power transmission). We made the calculations for the range equal to 200 m, where the achievable capacity for a 2 × 2 system is equal to 29 bits/s/Hz. We set this value as reference and calculated how much we could reduce the antenna gain at each node in order to get the same capacity at the distance of 200 m. The results are shown in Table 3 . As we can see, by increasing the number of MIMO nodes, a lower array gain is needed. This difference in gain decreases with increasing the number of MIMO nodes. We also show in Table 3 the subarray size reduction for the different systems, as simulated by CST Microwave Studio, while keeping the 2 × 2 system as a reference. If we compare the subarray size for 3 × 3 and 4 × 4 system, we realize that, in order to get the same capacity for the range of 200 m, we could use, respectively, 16 × 16 and 11 × 11 subarrays, which correspond, respectively, to 50% and 23.6% of the total antennas for the 2 × 2 system. Anyway, the contributions from reflections are more likely with smaller subarrays as the HPBW increases. Using 200 m as a reference distance, the achievable capacity for different MIMO constellations is plotted in Figure 10 . Moving up from 2 × 2 to higher order MIMO, the size of each subarray is reduced according to Table 3 . As we can see, for the reference distance of 200 m, the achievable capacity is the same for all the constellations. We can also notice that, beyond the reference range of 200 m, the capacity for all the MIMO systems is inversely proportional to the number of MIMO elements. We simulated the capacity for a bigger range to have confirmations of that. This tradeoff might also be considered during the design.
The received S/N obtained in Table 2 does not take into account the rain attenuation, which has a relevant impact on mm-wave outdoor communications. In Figure 11 we show the S/N for different rain conditions for a range up to 1 km with LOS assumption for the 32 × 32 element array and a 2 × 2 system. The rain attenuation factors are taken from [24] . We consider antenna gain at the transmitter and receiver equal to 37.9 dB, while the other parameters are taken from Table 2 . The free space loss is calculated according to [22] . As we can see, the S/N is strongly influenced by rain, depending on the intensity and the range considered, but reliable communications could be maintained even with heavy rain conditions, as long as sufficient link margin is considered.
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Conclusion
In this paper we study the feasibility of a short range mmwave MIMO LOS radio link outdoor. The system is aided by high gain antennas implemented using URA. We use patch antenna arrays and demonstrate that having such antennas is much more flexible than using the reflector antennas which are commonly used. This is because we take advantage of beamforming. In addition such arrays would be easier to install and cheaper to produce. We first showed that, at a range up to 200 m, the effect of the multipath components could be severely reduced, which will make the channel virtually LOS. We then calculate the achievable capacity for a MIMO system, where each MIMO node is a URA with 32 × 32 antenna elements. The capacity is maximized by a proper spacing between the MIMO elements at the transmitter and receiver. The results show that the use of our configuration is able to optimize the capacity for the specific geometry. The results show also that the achievable capacity is still high even for nonoptimal configurations. Furthermore, we demonstrate that, at a specific range, the capacity can be improved with a smaller subarray size, by increasing the number of MIMO elements. In the end we demonstrate that the link could be robust to different rain conditions, if the array is properly designed.
